In the mouse olfactory system, the anatomical locations of olfactory sensory neurons (OSNs) roughly correlate with their axonal projection sites along the dorsal-ventral (D-V) axis of the olfactory bulb (OB). Here we report that an axon guidance receptor, Neuropilin-2 (Nrp2), and its repulsive ligand, Semaphorin-3F (Sema3F), are expressed by OSNs in a complementary manner that is important for establishing olfactory map topography. Sema3F is secreted by early-arriving axons of OSNs and is deposited at the anterodorsal OB to repel Nrp2-positive axons that arrive later. Sequential arrival of OSN axons as well as the graded and complementary expression of Nrp2 and Sema3F by OSNs help to form the topographic order along the D-V axis.
SUMMARY
In the mouse olfactory system, the anatomical locations of olfactory sensory neurons (OSNs) roughly correlate with their axonal projection sites along the dorsal-ventral (D-V) axis of the olfactory bulb (OB). Here we report that an axon guidance receptor, Neuropilin-2 (Nrp2), and its repulsive ligand, Semaphorin-3F (Sema3F), are expressed by OSNs in a complementary manner that is important for establishing olfactory map topography. Sema3F is secreted by early-arriving axons of OSNs and is deposited at the anterodorsal OB to repel Nrp2-positive axons that arrive later. Sequential arrival of OSN axons as well as the graded and complementary expression of Nrp2 and Sema3F by OSNs help to form the topographic order along the D-V axis.
INTRODUCTION
In the mouse olfactory system, each olfactory sensory neuron (OSN) expresses one functional odorant receptor (OR) gene (Buck and Axel, 1991; Malnic et al., 1999; Serizawa et al., 2003) . Furthermore, OSNs expressing a given type of OR converge their axons to a specific glomerulus in each mirror map in the right and left olfactory bulbs (OBs) (Mombaerts et al., 1996; Ressler et al., 1994; Vassar et al., 1994) . During glomerular map formation, OR molecules play instructive roles in the projection of OSN axons (Feinstein and Mombaerts, 2004; Ishii et al., 2001; Wang et al., 1998) . Recent studies demonstrated that ORs direct axon targeting along the anterior-posterior (A-P) axis by regulating the transcription of axon guidance molecules, such as Neuropilin-1 (Nrp1) and Semaphorin-3A (Sema3A), using OR-derived cAMP signals (Chesler et al., 2007; Col et al., 2007; Imai et al., 2006) .
In contrast to A-P projection, there is a close correlation between the locations of OSNs in the olfactory epithelium (OE) and their axonal projection sites in the OB along the dorsalventral (D-V) axis (Astic et al., 1987) . The preservation of the spatial relationship of cell bodies and their axonal target sites is widely seen in other brain regions (Luo and Flanagan, 2007; Petersen, 2007; Rubel and Fritzsch, 2002) . R.W. Sperry's seminal experiment provided the basis for his ''chemoaffinity model'' in which target cells present chemical cues to guide projecting axons to their correct destinations (Sperry, 1963) . This model has held true for the projection of axons in several different systems, such as the visual system (Lemke and Reber, 2005; McLaughlin and O'Leary, 2005) . In the olfactory system, two sets of repulsive signaling systems, Nrp2/Sema3F and Robo2/Slits, have been proposed to participate in projection along the D-V axis in the OB (Cho et al., 2007; Cloutier et al., 2002 Cloutier et al., , 2004 Nguyen-Ba-Charvet et al., 2008; Norlin et al., 2001; Prince et al., 2009; Walz et al., 2002) . It has been reported that D-zone axons expressing a guidance receptor, Robo2, navigate to the D domain of the OB through the repulsive effects of the ligands Slit-1 and Slit-3, which are expressed in the V domain of the OB (Cho et al., 2007) . These molecules are assumed to contribute to the separation of D and V domains (Cho et al., 2007) .
In the OE, OR genes expressed by OSNs that project to the D domain of the OB are distributed throughout the D zone (Tsuboi et al., 2006) . However, V-zone-specific OR genes exhibit spatially limited expression: each OR gene possesses its unique expression area, which is distributed in an overlapping manner along the dorsomedial-ventrolateral (DM-VL) axis of the OE (Miyamichi et al., 2005; Ressler et al., 1993; Vassar et al., 1993) . The reliability of the relationship between D-V positioning of glomeruli and DM-VL locations of OSNs has been demonstrated (Astic et al., 1987; Miyamichi et al., 2005) . How is this positional information of neurons in the OE translated to their target sites in the OB during olfactory map formation? Here we report that a repulsive ligand, Sema3F (Chen et al., 1997; Giger et al., 1998) , is secreted by early-arriving OSN axons and is deposited in the anterodorsal OB to serve as a guidance cue to repel late-arriving OSN axons that express Nrp2 receptor. Sequential arrival of projecting axons and complementary expression of Nrp2 and Sema3F by OSNs appear to contribute to D-V patterning in the OB.
RESULTS

Graded Expression of Nrp2
As shown in Figure 1A , Nrp2 is expressed at high levels in the VL area of the OE but at low levels in the DM area. Double in situ hybridization revealed that the level of Nrp2 transcription within each cell is correlated with the expressed OR species (Figures 1A, right and Figure S1A available online) . In addition, there appears to be a direct relationship between the amount of Nrp2 transcript or Nrp2 protein in OSNs and their projection sites Nrp2 expression was high in the ventrolateral (VL) area and low in the dorsomedial (DM) area, as reported previously (Norlin et al., 2001 ) (left). Nrp2 levels are correlated with zone indices (Miyamichi et al., 2005) for various OR genes in the OE (right). In situ hybridization data are shown in Figure S1A . Nrp2 expression levels are normalized to those for MOR28-expressing cells (100% Figure S1 .
along the D-V axis in the OB ( Figure 1B , Figure S1 , and Figure S2B ). In the OB, Nrp2 in the axon termini of OSNs forms a gradient in the OB with high levels ventrally and low levels dorsally ( Figure 1B, left) . We analyzed the locations and Nrp2 levels of glomeruli for four different OR species: MOR28, MOR10, I7, and P2. Serial OB sections were immunostained for ORs and adjacent sections were immunostained for Nrp2 protein ( Figure S2B ). Consistent with double in situ hybridization of OE sections ( Figure S1A ), P2 glomeruli in the dorsal OB showed low levels of Nrp2, whereas MOR28 glomeruli in the ventral region showed high levels ( Figure 1B , right). Glomeruli for I7 and MOR10 are located between those for MOR28 and P2, and they contain intermediate levels of Nrp2.
Gain-of-Function Experiments for Nrp2
In order to examine whether Nrp2 guides the D-V projection of OSN axons, we manipulated the Nrp2 expression levels in OSNs and studied the effects on glomerular positioning. For the gain-of-function experiment, two transgenic (Tg) constructs were made with bacterial artificial chromosome (BAC) ( Figure 1C Figure 1C . Glomeruli for Tg MOR28 and Tg MOR10 were detected as red (EYFP) and green (ECFP), respectively. In the control mice, Tg MOR10 glomeruli (green) were dorsal to Tg MOR28 glomeruli (red). Nrp2 levels of Tg MOR10 and Tg MOR28 glomeruli were measured by immunostaining in both types of BAC Tg mice ( Figure 1D) . When Nrp2 expression level was increased in Tg MOR10-positive OSNs, the green Tg MOR10 glomerulus was found more ventrally along the D-V axis ( Figure 1C ).
Cre-Induced Mosaic Analysis of Nrp2
For the loss-of-function experiment for Nrp2, we devised a novel method of mosaic analysis. For this purpose, a mouse line, H-Cre (Figure 2A ), was generated and crossed with the Nrp2-floxed mouse (Walz et al., 2002) . In the H-Cre mouse, the coding sequence of Tg MOR28 was replaced with that of the Cre recombinase gene, and the mouse H element (Nishizumi et al., 2007; Serizawa et al., 2003) was added to the Tg MOR28 promoter. Due to the H enhancer activity, the Cre gene, now under the control of the Tg MOR28 promoter, is frequently chosen and activated for transcription in OSNs. The MOR28 promoter cannot be activated when any one of the endogenous OR genes is expressed first, due to OR-mediated negativefeedback regulation (Serizawa et al., 2003) (Figure 2A, left) . If, however, the Tg MOR28 promoter of Cre was activated before other OR gene promoters, the Cre can be coexpressed with any endogenous OR genes because the Cre protein does not act as a feedback inhibitor (Figure 2A , right). In this way, two subsets of OSNs can be generated in the same mouse, one that is positive for Cre expression and the other that is negative ( Figure 2B ).
In the other mouse line, Nrp2-floxed, the endogenous Nrp2 gene is flanked by loxP sequences, which serve as recombination signals for Cre-mediated DNA deletion. After crossing H-Cre and Nrp2-floxed, a mosaic knockout (KO) of Nrp2 was generated ( Figure 2C, top) . The OSN-specific, mosaic KO mice were analyzed for their locations of MOR28, MOR10, and MOR-EG glomeruli, which contain high, moderate, and very low levels of Nrp2, respectively. In wild-type mice, MOR28 glomeruli appear in the posteroventral (Nrp2-high) area of the OB. In the Nrp2 mosaic KO, MOR28 glomeruli were found at two separate sites: one in the posteroventral (Nrp2-high) area, as in the wild-type, and the other in a more anterodorsal (Nrp2-low) area ( Figure 2C ). This observation indicates that the lack of Nrp2 causes the dorsal shift of glomeruli. A similar shift was also found for MOR10, although the shift was marginal compared with MOR28 because of the smaller change from baseline levels of Nrp2 in MOR10 OSNs (wild-type). The shift was minimal, if any, for MOR-EG glomeruli located in the D domain, which normally express little to no Nrp2 ( Figure 2D ). These results demonstrate a cell-autonomous function of Nrp2 in OSN projection along the D-V axis.
Mosaic Analysis of Plexin-A3 by Stochastic X Inactivation Since Nrp2 possesses only a short cytoplasmic domain, a coreceptor is needed for the transmission of extracellular signals to intracellular signals ( Figure 3A , right). It has been reported that a Plexin family molecule, Plexin-A3 (PlxnA3), is the principal coreceptor for Nrp2 (Yaron et al., 2005) . In situ hybridization revealed no graded expression of PlxnA3 in the OE, even though Nrp2 is expressed in a graded manner ( Figure S2A ). Interestingly, staining of OB sections with anti-PlxnA3 antibodies revealed a graded expression of PlxnA3 protein along the D-V axis of the glomerular map, ventral-high and dorsal-low ( Figure 3A , left). Expression levels of PlxnA3 are roughly correlated with those of Nrp2 in individual glomeruli (Figure 3A and Figures S2B and S2C) . The pairing of PlxnA3 in axon termini may be rate-limited by the expression of Nrp2.
To examine whether PlxnA3 is required for glomerular positioning along the D-V axis, we performed loss-of-function experiments. Because the PlxnA3 gene is X linked, mosaic analysis is possible in the heterozygous female KO, PlxnA3
, due to stochastic X chromosome inactivation ( Figure 3B ). In such mice, two populations of OSNs exist, one that is PlxnA3 positive and another that is PlxnA3 negative. Glomeruli that are formed by PlxnA3 + OSNs serve as convenient internal controls. We analyzed sections of the OB after immunostaining for MOR28 glomeruli ( Figure 3C ). In the wild-type mice, one glomerulus is normally detected in the most ventral region of each glomerular map. However, in the heterozygous female KO, we detected two separate glomeruli: one in the most posteroventral region and the other in a more anterodorsal region. Immunostaining with anti-PlxnA3 antibodies revealed that the ventral MOR28 glomerulus was strongly positive for PlxnA3, whereas the dorsal one was negative. Similar observations were also made for MOR10 glomeruli ( Figure 3C ). The shift was minimal, if any, for MOR-EG glomeruli, which normally express very low levels of PlxnA3 and are located in the D domain ( Figure 3D ). These findings indicate that PlxnA3 is required for Nrp2 + OSNs to project their axons to the ventral region of the OB.
Detection of OSN-Derived Sema3F in the OB
Sema3F is assumed to be the soluble ligand for Nrp2 (Chen et al., 1997; Giger et al., 1998) . To confirm that Sema3F is indeed the ligand for Nrp2 in OSN axons, Sema3F was fused to alkaline phosphatase (AP) and the resulting fusion protein was used as an affinity probe to detect the receptor ( Figure S3A ) (Cloutier et al., 2002; Giger et al., 2000) . When OB sections were treated with Sema3F-AP and developed with AP substrate, the ventral region of the OB was strongly stained ( Figure S3B ). The staining pattern mirrored the immunostaining pattern of anti-Nrp2 antibodies. No AP staining was observed in the OBs of Nrp2 KO mice.
We then studied where and how Sema3F interacts with Nrp2-expressing axons. Unfortunately, antibodies that stain Sema3F by immunohistochemistry were not available. AP fusion of Nrp2 to detect secreted Sema3F was not successful. We therefore generated a knockin mouse in which the lacZ marker was expressed under the control of the Sema3F promoter ( Figure 4A ). Surprisingly, blue-stained lacZ + cells were found in the OE. The promoter activity of Sema3F was high in the DM area of the OE and low in the VL area, which was complementary to the promoter activity for Nrp2 ( Figure 4A ). Although at first we expected that the Sema3F gene is expressed by the target cells, we did not detect lacZ + cells in the OB ( Figure 4A , right). We also performed in situ hybridization of OB sections using sense and antisense Sema3F probes ( Figure 4B ). Sections of the Sema3F KO were analyzed as negative controls. No hybridization signal was detected in the OB (embryonic day [E] 18.5), although the signal was strong in the OE. RT-PCR ( Figure 4C ) detected Sema3F transcript in the OE but not in the OB at embryonic stages (E14.5, 16.5, and 18.5).
In our effort to detect soluble Sema3F protein, we devised the following method using a BAC expression construct (Figure 5A) . EYFP was fused to the N terminus of Sema3F so that the fusion protein can be detected with anti-GFP antibodies. We also used the tetracycline-induced activation system (Tet-ON) to enhance the expression of the transgene in the presence of doxycycline. In the BAC Tg mouse, EYFPSema3F showed the same expression specificity in the OE as that of endogenous Sema3F, high in the DM region and low in the VL region ( Figure S4A ). The transgene was not transcribed in the mitral cell layer of the OB ( Figure S4B Figure 5B ). EYFP-Sema3F signal was dense in the outer olfactory nerve layer (ONL) and was not detected in the glomerular layer ( Figures 5C and 5D) . Layers of the OB were labeled using antibodies against molecular markers, s100b (outer ONL marker) and synaptotagmin (glomerular marker). Sema3F fusion protein was detected in the embryonic OB (future anterodorsal OB) as early as E14.5, before the arrival of Nrp2 + OSN axons ( Figure S4C ).
Knockout Analysis of OSN-Specific Sema3F
What happens when the OSN-derived Sema3F is absent in the OB? To generate the OSN-specific Sema3F KO, we utilized the #123 promoter (Hirata et al., 2006) to induce the Cre recombinase at an early developmental stage ($E11) in an OSNspecific manner. To demonstrate the tissue-specific activity of Cre, we crossed the #123-Cre line to the ROSA-stop-lacZ mouse. Heavy X-gal staining was found in OSN cell bodies in the OE ( Figure S5A ). Blue staining was also detected in OSN axons in the ONL and glomerular layer of the OB ( Figure S5B ).
The mitral cell layer of the OB was devoid of staining. When we crossed the Tg #123-Cre mouse with the Sema3F-floxed mouse (Sahay et al., 2003) , Sema3F expression was selectively abolished in OSNs ( Figure S5C ). In the OSN-specific Sema3F KO (P0 and E17), axonal fasciculation was affected in the ONL, and Nrp2 + OSN axons mistargeted to the dorsal region of the OB ( Figure 6A and Figure S6C ). The expression pattern of Nrp2 in the OE and segregation of axon bundles were not noticeably affected in the OSN-specific Sema3F KO ( Figures S6A and  S6B ). When we analyzed the adult OB of the KO, multiple glomeruli were found for ORs that normally express high levels of Nrp2 (e.g., MOR10 and MOR28) but not for those that express low levels (e.g., MOR-EG) ( Figure 6A ). These results indicate that OSN-derived Sema3F affects the fasciculation of Nrp2 + axons in the ONL of the OB. It is possible that the repulsive ligand, Sema3F, derived from D-zone axons (Nrp2-low) prevents V-zone axons (Nrp2-high) from invading the dorsal region of the OB. To further study the axonal fasciculation mediated by Nrp2 and Sema3F, we also generated the OSN-specific Nrp2 KO Figure S3 .
( Figure 6B ). In this animal, GFP is expressed in the V-zone axons under the control of the Nrp2 promoter. The V-zone axons, but not the D-zone axons, routinely mistarget to the dorsal region of the prenatal OB (E18.5) ( Figure 6B ), simulating the phenotype observed in the Sema3F KO ( Figure 6A ). In the adult OB of the KO mouse, ectopic glomeruli for V-zone ORs were found in dorsal areas ( Figure 6B ).
Spatiotemporal Regulation of D-V Projection
In order to study the developmental regulation of OSN projection, we analyzed the embryonic OE and OB for the expression of various axonal markers. As shown in Figure 7A , Robo2 + D-zone OSNs mature earlier than Nrp2 + V-zone OSNs. Gap43, a marker of growing axons, and OMP, a marker of mature OSNs, first appear in the D-zone OSNs and demonstrate graded expression, DM-high and VL-low, in the embryonic OE. We also found that D-zone axons target the OB much earlier than V-zone axons. Immunostaining of embryonic OB (E14 and14.5) was positive for Robo2 ( Figure 7B ) or for Sema3F fusion protein ( Figure S4C ) but negative for Nrp2 (ventral axon marker). Furthermore, the OB region that is populated by mitral cells, which are Pcdh21 + (mitral cell marker), is innervated by Robo2 + OSN axons. It is interesting that, at E14, these mitral cells were also positive for OCAM, a marker that is restricted to the dorsal region mitral cells in the OB (Treloar et al., 2003) ( Figure 7C ). These results indicate that the embryonic OB (E14$14.5) mostly represents the future anterodorsal OB region. In the neonatal animal (P0), anti-Nrp2 antibodies stained the ventral OB, and its staining pattern was complementary to that of anti-Robo2 antibodies ( Figure 7B ). In the ventral area, Pcdh21 + mitral cells were mostly negative for OCAM (dorsalregion mitral cell marker) ( Figure 7C ), consistent with the emergence of the ventral area at the neonatal stage (P0), after the dorsal OB has begun to form. These observations indicate that the OB map expands ventrally during the process of olfactory development.
DISCUSSION
Nrp2 and Sema3F Regulate D-V Projection of OSN Axons
In our present study, using various mutant mice, Nrp2 was shown to regulate the axonal projection of OSNs along the D-V axis ( Figure 1C , Figure 2C , and Figure 6B ). It is expressed on OSN axons that target the OB in such a way as to form a gradient of Nrp2 in the OB along the D-V axis. Based on the visual system, we expected that the repulsive ligand, Sema3F, is expressed as a gradient by the target organ, the OB. To our surprise, however, we detected Sema3F transcript in the OE and not in the OB (Figure 4 , Figures S4A and S4B , and Figure S5C ). Animals in which Sema3F was knocked out specifically in OSNs showed mistargeting of Nrp2 + axons in the OB ( Figure 6A ). Together, these findings indicate that, in the olfactory system, both axon guidance receptor, Nrp2, and its repulsive ligand, Sema3F, are expressed by the projecting axons of OSNs to regulate D-V projection.
Complementary expression of Nrp2 and Sema3F genes in OSNs initially suggested that their repulsive interactions occur among OSN axons before they reach the target. This, however, is not the case because D-zone axons and V-zone axons are already segregated in separate axon bundles. This segregation in the trajectory of OSN axons was not noticeably affected by the OSN-specific Sema3F KO ( Figure S6 ). Where and how, then, does Sema3F interact with Nrp2 + OSN axons? In order to detect the soluble Sema3F protein, we enhanced the expression of EYFP-fused Sema3F using the Tet-ON system ( Figure 5 ). The secreted fusion protein was detected in the outer ONL of the anterodorsal OB but not in the glomerular layer or in the mitral cell layer. It has been reported that secreted axon guidance molecules are associated with proteoglycans (De Wit et al., 2005) and act as target cues with repulsive activities. In the mouse olfactory system, the ONL has been reported to serve as an axon sorting area where OSN axons defasciculate before converging to their final destination (Royal and Key, 1999; Treloar et al., 2002) . These observations point toward an intriguing possibility that a repulsive ligand, Sema3F, is secreted by early-arriving OSN axons and is deposited in the anterodorsal OB to serve as a guidance cue to repel late-arriving OSN axons that express Nrp2 receptor ( Figure 7D ). In Drosophila, a similar See also Figure S4 .
situation has been reported for axon targeting of olfactory receptor neurons: Early-arriving antennal axons expressing a repulsive ligand, Sema1A, are required for the targeting fidelity of late-arriving maxillary palp axons that express PlxnA, a receptor for Sema1A (Sweeney et al., 2007) . Unlike the mouse Sema3F, however, the fly Sema1A is a transmembrane molecule and is not secreted.
Duplicated Maps in Knockout Mice
In the OSN-specific Sema3F KO, one would expect that all glomeruli would merely shift dorsally. Instead, we observed the formation of at least two glomeruli for each OR in the Sema3F KO ( Figure 6A ). The appearance of multiple glomeruli was not due to the partial rescue with Sema3B and/or Sema3C (our unpublished data). We often find duplicated glomeruli in KO models for many other axon-pathfinding molecules in the olfactory system (Imai et al., 2009; Schwarting et al., 2004) . We interpret this phenomenon to be due to diffuse axonal fasciculation before targeting. In the case of D-V projection, we assume that Nrp2/ Sema3F-mediated repulsion does not determine a specific target site, but rather, it functions to constrain Nrp2-positive axons to the ventral OB. In the Sema3F KO, these constraints are loosened, whereas other mechanisms that allow for local fasciculation of ''like''-axons are maintained. Therefore, axonal convergence still occurs but at multiple sites. We would like to propose that the glomerular map is formed in two successive steps: one is the global axon targeting to preserve topographic relationships during embryonic development, and the other is the local sorting of OSN axons to form discrete glomeruli using adhesive and repulsive molecules in an activity-dependent manner.
D-V Projection Is Not under the Direct Control of OR Molecules
The olfactory sensory map is generated by a combination of OR-dependent and -independent processes (Chen and Flanagan, 2006) . We had previously reported that OR molecules analyzed by immunohistochemistry using anti-Nrp2 antibodies. In the OSN-specific Sema3F KO, Nrp2 + OSN axons did not fasciculate in the olfactory nerve layer and instead mistargeted to the dorsal region of the OB (indicated by arrowheads). Whole-mount lateral views of the wild-type and Sema3F KO OBs are shown for GFP-tagged MOR28 glomeruli. Glomerular positions were determined for MOR28, MOR10, and MOR-EG by immunostaining with respective antibodies. The OSN-specific Sema3F KO revealed ectopic glomeruli for Nrp2 + OR species in a more dorsal area (Nrp2-low) in addition to glomeruli in the expected area (Nrp2-high). Glomerular locations in the OB are summarized in a schematic diagram (lateral view) on the right (n = 5). No shift was observed for MOR-EG glomeruli in the Nrp2-low area.
(B) Fasciculation of ventral-zone axons of OSNs in the OSN-specific Nrp2 KO. Generation of the KO is schematically shown at the top. In this animal, GFP expression is driven by the Nrp2 promoter when Nrp2 is excised by Cre recombinase. Thus, the ventral-zone axons can be stained with anti-GFP antibodies. Parasagittal OB sections (E18.5) were analyzed by immunohistochemistry. As seen in the Sema3F KO, ventral-zone axons (GFP-positive) are not confined to the ventral region of the OB and mistargeted to the dorsal region (indicated by arrowheads). Whole-mount lateral views of the wild-type and Nrp2 KO OBs are shown for EYFP-tagged MOR28 glomeruli. Glomerular positions were determined for MOR28, MOR10, and MOR-EG by immunohistochemistry with respective antibodies. As in the Sema3F KO, multiple glomeruli were found in the Nrp2 KO for ventral-zone OR species. Glomerular locations in the OBs are summarized in a schematic diagram on the left (n = 16). D, dorsal; V, ventral; A, anterior; P, posterior. See also Figure S5 and Figure S6 .
regulate the expression of two types of axon guidance/sorting molecules by using cAMP as a second messenger (Imai and Sakano, 2008) . One type consists of axon guidance molecules, e.g., Nrp1 and Sema3A, that affect OSN projection along the A-P axis Imai et al., 2009) The present study revealed that expression levels of D-V guidance molecules, e.g., Nrp2, are also closely correlated with the expressed OR species (Figure 1 and Figure S1 ). However, the transcription of axon guidance molecules that are involved in D-V positioning is not downstream of OR signaling. This fact was demonstrated in the H-MOR28 mouse (Serizawa et al., 2003) , in which Nrp2 levels were unaffected by the widespread expression of the Tg MOR28 gene in all OE areas (our (Cho et al., 2007; Nguyen-Ba-Charvet et al., 2008) . Repulsive interactions between Robo2 and Slit-1 are probably needed to restrict early OSN projection to the embryonic OB (future dorsal region). In the OE, the Nrp2 and Sema3F genes are expressed in a complementary and graded manner. Sema3F is deposited at the anterodorsal region of the OB by early-arriving D-zone axons (middle). We presume that axonal extension of OSNs occurs sequentially along the DM-VL axis of the OE as the OB grows during development. This may help to maintain the topographic order during the process of axonal projection. Sema3F secreted by the D-zone axons in the OB prevents the late-arriving Nrp2 + axons from invading the dorsal region of the OB (right). DM, dorsomedial; VL, ventrolateral; D, dorsal; V, ventral; A, anterior; P, posterior. unpublished data). If D-V guidance molecules are not regulated by OR-derived signals, how are their expression levels determined and correlated with the expressed OR species? We presume that both OR gene choice and Nrp2 expression levels are commonly regulated by positional information within the OE. This regulation is likely determined by cell lineage, resulting in the use of specific sets of transcription factors, e.g., Msx1 and Foxg1 (Duggan et al., 2008; Norlin et al., 2001) , which can explain the anatomical correlation along the DM-VL axis of the OE.
Neural Map Formation in the Mouse Olfactory System
In the mouse olfactory system, A-P projection of OSN axons is not regulated by anatomical locations of OSNs in the OE; rather, the map order emerges within the axon bundles through axonal sorting before they reach the target (Imai et al., 2009) . In contrast, OSN axons do not need sorting within the bundle for D-V topography because D-zone axons and V-zone axons are already presegregated in separate bundles in the OE ( Figure S6B ). What orients the OSN axons along the D-V axis in the OB? What acts as a landmark on the OB for distributing the arriving OSN axons? We believe it involves an additional set of axon guidance molecules and the sequential arrival of D-zone versus V-zone axons ( Figure 7 ). Glomerular formation occurs first in the anterodorsal OB during development (Bailey et al., 1999) . Furthermore, D-zone OSNs mature earlier and reach the OB earlier than V-zone OSNs. Repulsive interactions between Robo2 and Slit-1 are probably needed to restrict the first wave of OSN projection to the dorsal OB during early embryonic development ( Figure 7D , left). The Robo2 ligand, Slit-1, is detected in the septum and ventral OB during early developmental stages (Cho et al., 2007; Nguyen-Ba-Charvet et al., 2008) . Thus, the axons of early-maturing D-zone OSNs are restricted to the dorsal OB. The OB map appears to expand ventrally during the process of olfactory development ( Figure 7C ). It is possible that axonal extension of OSNs occurs sequentially from the DM to the VL area, which may help to form the topographic order in the OB along the D-V axis ( Figure 7D , middle). We assume that earlyarriving D-zone axons secrete and deposit Sema3F in the anterodorsal OB, thus preventing the late-arriving Nrp2 + axons from invading the dorsal region of the OB ( Figure 7D , right). In the mouse olfactory system, much of D-V and A-P positioning, as well as glomerular segregation, appears to occur autonomously. Consistent with this idea, it has been shown by surgical and genetic methods that convergence and sorting of OSN axons are independent of the OB (St John et al., 2003; Yoshihara et al., 2005) . This autonomous mapping strategy may be quite advantageous for sensory development in embryo and may help propel evolution, as it would not require the codevelopment or coevolution of the target organ. Target-independent axonal projection could help the system to adapt easily to sudden changes in OR gene repertoire and their ligand qualities. Axon-derived guidance molecules, alone, could organize a coarse topographic map. However, the map would still require proper orientation and connections to second-order neurons in the target to generate a reproducible and functional olfactory map. Although the extent to which neural map formation is dependent on target-derived versus axon-derived cues is not clear at the moment, it is certain that both types of guidance molecules act cooperatively to form the functional map in general. The olfactory system will continue to serve as an excellent model system for the study of axon wiring and neural map formation in the mammalian brain.
EXPERIMENTAL PROCEDURES
Mutant Mice
The PlxnA3 KO, Tg #123-Cre, Sema3F KO (lacZ knockin), Nrp2 KO (lacZ knockin) (Takashima et al., 2002) , and P2-tagging mice (lacZ knockin) (Mombaerts et al., 1996) were obtained from H. Fujisawa, Y. Yoshihara, A. Aiba, S. Takashima, and P. Mombaerts, respectively. The Nrp2-floxed, Sema3F-floxed, and ROSA-lacZ were purchased from the Jackson Laboratory. H-MOR28 (Serizawa et al., 2003) and MOR28-tagging (Ishii et al., 2001; Serizawa et al., 2000) mice were described previously. To generate the H-Cre construct, the coding sequence of Kirrel2 in the H-Kirrel2 (Serizawa et al., 2006) was replaced with that of the Cre recombinase gene. The Tet-ON system (Clontech) was used for the BAC Tg construct (rtTA-pA-TRE-EYFP-Sema3F-pA). The EYFP was inserted into the Sema3F cDNA between the signal peptide and functional domain sequences. The EYFP-Sema3F was inserted downstream of the tetracycline response element, TRE. The rtTA-pA was followed by the TRE-EYFP-Sema3F-pA. The BAC clone (RP24-176P4) containing the Sema3F promoter was modified, and the rtTA-pA-TRE-EYFP-Sema3F-pA was introduced into the translation start site of Sema3F, using Counter-Selection BAC Modification Kit (GENE BRIDGES). The BAC Tg mice were fed with food containing 0.6% doxycycline (BioServ). The BAC construct, MOR28ig-EYFPiCre-MOR10igECFP, was provided by A. Tsuboi for Nrp2 insertion. IRES-Nrp2 cassette was inserted into the BAC construct as described (Lalioti and Heath, 2001 ).
Antibodies and AP Fusion Proteins
Anti-OR antibodies for I7 and MOR-EG (Kaneko-Goto et al., 2008) and anti-OCAM antibodies (Yoshihara et al., 1997) were obtained from Y. Yoshihara. Antibodies against MOR28, MOR10, and Pcdh-21 were generated by immunizing guinea pigs with KLH-conjugated synthetic peptides: CKKLIRRKEG KEK (MOR28); TLRNEDMKSALNKLIKRREK (MOR10); and TLGGPVQSSLV SELKQKFEKKSLDNKAYI (Pcdh-21) (Operon Biotechnologies). To generate the anti-PlxnA3 antibodies, the Sema domain sequence of mouse PlxnA3 (aa 19-574) was inserted into the pCAGGS-Sema3Ass (Sema3A signal sequences)-Myc-Fc-His6 vector. Recombinant proteins were isolated from transfected E. coli, and used for immunization of rabbits. Antibodies against Nrp2 (goat, 1:500) and Robo2 (goat, 1:100) were purchased from R&D systems. Antibodies against b-galactosidase (rabbit, 1:1000), GFP (rabbit, 1:1000), NCAM (mouse, 1:500), synaptotagmin (mouse, 1:300), NQO1 (goat, 1:700), S100b (rabbit, 1:5000), and OMP (goat, 1:2000) were purchased from ICN Biochemicals, Clontech, Sigma, Millipore, Abcam, DAKO, and Wako, respectively. To generate the Sema3F-AP fusion protein, Sema3F cDNA lacking the signal sequence was introduced into the APtag-5 (GenHunter Corporation). The fusion protein was isolated from transfected HEK293T cells using Amicon Ultra-4 (Millipore). Histochemistry X-gal staining, ligand histochemistry, in situ hybridization, and immunohistochemistry were basically performed according to previously described methods (Flanagan et al., 2000; Miyamichi et al., 2005; Mombaerts et al., 1996; Serizawa et al., 2006; Tsuboi et al., 1999) . For details, also see the Extended Experimental Procedures.
Quantitative RT-PCR OE and OB samples were isolated from fresh-frozen sections by laser-micro dissection (Leica AS LMD) and total RNA was extracted using RNeasy Micro Kit (QIAGEN). The RNA samples were reverse-transcribed into cDNA using the SuperScriptIII First-Strand Synthesis System (Invitrogen), and the cDNA was in turn subjected to RT-PCR. Quantitative PCR was conducted in 20 ml reaction containing LightCycler TaqMan Master (Roche) using LightCyclerII (Roche). Expression levels of Sema3F were normalized to those of b-actin. 
